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PREFACE 
Equilibrium thermodynamic properties for pure carbon dioxide a re  presented in 
tabulated and graphical form for temperatures from 100 K to 25000 K and pressures from 
40 m ~ / m Z  to 1 ~ ~ / m 2 .  Properties include pressure, temperature, density, enthalpy , 
speed of sound, entropy, molecular weight ratio, specific heat at constant pressure, spe- 
cific heat at  constant volume, isentropic exponent, and species mole fractions. 
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INTRODUCTION 
The free-energy minimization method of references 1 and 2 for determining thermo- 
I chemical equilibrium properties of arbitrary gases and gas mixtures may be employed a s  a subroutine in a variety of real-gas con~putations. One example of such usage is refer- 
I ence 3 where the equilibrium nornal-shock and shock-tube solutions for carbon dioxide a r e  presented. Unless the inputs to the free-energy minimization method a r e  pressure 
f 
I and temperatu;.e, an iterative procedure i s  necessary which requires considerably more computer time. For real-air computations (ref. 4), this problem was avoided by employ- 
! ing a magnetic tape containing thermodynamic properties of a i r  over a wide range of 
1 I conditions and by using appropriate tape search routines to interpolate for the desired 
thermodynamic properties. A similar tape has been generated for the thermodynanlic 
L properties of carbon dioxide. The corresponding species mole fractions a r e  stored on 
L 
t two additional tapes. This report presents the data recorded on these tapes in the form I 
i of tables and charts. These data a r e  for temperatures from 100 K to 25000 K and pres- 
i sures from 40 m ~ / m ~  to 1 ~ ~ / r n 2 .  I 
I Unpublished tables for thermodynamic properties of pure carbon dioxide were gen- 
1 erated by Perry A. Newman of the Langley Research Center a decade ago. However, 
these unpublished tables a r e  more restrictive in range of conditions than the present 
tables and do not include mole fractions. Charts for equilibrium properties of carbon 
dioxide a re  included in reference 5 for temperatures to 25000 K. In the present study, 
the 10 species used in reference 5 (e', C, C+, CC+, 0 ,  O+, O++, 02, CO, and C O ~ )  were 
supplemented by 6 additional species (0-, 0;. Oi ,  C-, C2, and ~ 0 ~ ) .  Hence, the pres- 
ent results a r e  believed.to provide more accurate and detailed mole fractions for carbon 
dioxide than reference 5. Also, provision of tables a s  well a s  charts is a worthwhile con- 
venience, particularly in regions where curves on the charts overlap and for the 16 mole 
fractions. 
SYMBOLS 
a speed of sound, m/s 
c~ specific heat at constant pressure, kJ/kg-K 
% specific heat at constant volurne, kJ/kg-K 
h specific enthalpy , J/kg 
pressure ,  ~ / m 2  
universal gas  constant, 8.31434 kJ/kmole-K 
specific entropy, kJ/kg-K 
temperature, K 
molecular weight, kg/kmole 
molecular weight of undissociated carbon dioxide, 44.011 kg/kmole 
kmole of dissociated carbon dioxide per kmole of undissociated carbon 
dioxide, w$W 
isentropic exponent, - (: ;: :)s 
density, kg/m3 
CONVERSION FACTORS AND CONSTANTS 
Conversion factors between the International System of Units (SI) and U.S. i astornary 
Units (ref. 6) for the quantities presented in the present tables and charts  a r e  a s  follows: 
1 ~ / n 1 2  = 9.8692 X atm = 1.4504 x 10-4 psi  = 2.0885 x 10-2 lbf/ft2 
1 m/s  = 3.2808 f t / s  = 2.2369 mph 
Physical constants appearing herein a r e  
po = 101.32 5 ~ ~ / m 2  
CALCULATION OF THERMODYNAMIC PROPERTIES 
The thermochemical equilibrium procedure of references 1 and 2, which is based 
upon the Gibbs free-energy minimization method, was used to generate the present 
results. :3issociation and first and second ionization a re  included. Basic assumptions 
a r e  a s  follows: 
(1) Tb 2 mixture is composed of ideal gases (intermolecular force effects a r e  
neglected) 
(2) For diatomic species, the rigie-rotor harmonic-oscillator model is used with 
vibrational-rotational corrections 
(3) Only electronic levels with principal quantum number less  than c r  equal to 5 
a r e  included 
For each given pressure and temperature combination, the free energies for the 
individual species a re  computed from partition functions of statistical mechanics. The 
equilibrium composition is then obtained by minimization of the free en rgy. The species 
used in the present computations for carbon dioxide a re  e', 0, o', OCt, 0 - ,  q, o;, Oi, C, 
C+, C++, C-, CO, CO+, C02, and C2. Accurate heat-of-formation and spectroscopic input 
data are  important for the individual species used in the free-energy minimization proce- 
dure; therefore, a listing of these data is presented in the appendix for the 16-species 
C% model employed in the present calculations. In references 2, 7, and 8, accuracies 
associated with the procedure of references 1 and 2 a re  discussed for gases other than 
C%- 
The method of references 1 and 2 will result in an ill-conditioned matrix when two 
components, such a s  atomic carbon and atomic oxygen, a r e  completely consumed by one 
species for some temperature. For CO2, this occurs at low temfieratures. In the pres- 
ent computations, this ill-conditioned matrix was avoided by adding extra molecular oxy- 
gen in the twelfth significant figure of the initial estimate of the 0 2  species concentration. 
Extra oxygen in the fifth significant figure was used for initial estimates. Although no 
appreciable effect on computed thermodynamic properties at low temperature- was 
observed for this aniount of oxygen, several of the mole fractions deviated from expected 
values. The amou::, of oxygen used to avoid the ill-conditioned matrix was decreased 
until the effect on computed mole fractions became insignificant; thereby, a concentration 
value of 10-l2 resulted. For the present study, iterations on the species concentration 
(number of kmoles of a species per mass of mixture) were continued until the absolute 
value of each concentration changed by less than 10-l2 between successive iterations. 
This iterative criterion i s  referred to in reference 1 a s  the absolute criterion. A rela- 
tive criterion was also employed to prevent termination of the ite1,stions while a minor 
species was still changing by a s  much a s  0.1 of i ts  previous value. 
'r 
DISCUSSION OF TABLES AND CHJJZTS 
In table I, equilibrium thermodynamic properties for carbon dioxide a r e  presented i 
for a range of p/po from 4 x loe7 to 1 x 104 and a r e  arranged in groups of constant 
pressure. The temperature is varied within the group in increments of 100 K for tem- i , ., 
peratures from 100 K to 8000 K and 200 K for temperatures from 8000 K to 25000 K; I ' 
only computed results corresponding to densities within the approximate range po 
i 
to lo4 po a re  tabulated. The rows in the upper portion of each tabulation, for a given i 
. p/po, a r e  identified by letters (FORTRAN symbols) which a r e  defined in terms of the i 
I symbols adopted in this report in the following table: 1 
Constants used to nondimensionalize these thermodynamic praperties a r e  given in the 
sections "Symbols" and "Conversion Factors and Constants." Mole fractions correspond- 
ing to the thermodynamic properties tabulated in table I for various p/p, a r e  presented 
in table 11. All 16 species were computed for each combination of pressure and tempera- 
ture. Headings of the rows in the upper portion of each tabulation, for a given p/po, 












Charts illustrating computed thermodynamic properties and mole fractions (corre- 
sponding to tables I and II, respectively) a r e  presented in figures 1 and 2 ,  respectively. 
In these figures, thermodynamic properties and mole fractions a r e  plotted a s  a function 
of temperature for various values of pressure 5 5 lo4 . The figures were gener- \ Po ) 
ated by machine, and linear line segments were used to connect adjacent data points. The 
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Equilibrium thermodynamic properties and species mole fractions for pure carbon 
dioxide are :!presented in tabulated and graphical form for temperatures from 100 K to 
35M~0 K arid prcswres from 40 rnN/m2 to 1 ~N/rn2. Properties include pressure, tem- 
perature, dcr,siry, *nthnlpy, speed of sound, entropy, molecular weight ratio, specific heat 
at constant pressure, specific heat at constant volume, isentropic exponent, and species 
(e-, 0, Of, Of+, 0-, 02, a;, Oj l ,  C, Cf, C+*, C-, CO, CO+, C%, and c2) mole fractions. 
These results were generated by use of the free-energy minimization procedure discussed 
in NASA TN D-3538 a .  NASA T N  D-3540 and were stored on magnetic tapes. 
Lar4ley Research Center 
National Aeronautics and Space Administration 
APPENDIX 
HEATS OF FORMATION AND SPECTROSCOPIC CONSTANTS 
FOR 16-SPECIES C% MODEL 
I 
The accuracy associated with the computation of thermodynamic properties and 1 I i 
: 
species m a e  fractions using the free-energy minimization method of references 1 and 2 
is dependent upon the spectroscopic constants and heat-of-formation inputs. Because 
of the importance of such input data, a listing of the input cards for the 16-species 
C q  model (e-, O,O*, 0++, 0-, 02, o;, Oi, C, C*, C*+, C-, CO, CO*, C%, and c2) used 
in the computations herein is presented in this appendix. For each species i, the first  
card contains (1) the chemical symbol for species i, (2) the integer number of electronic 
levels for species i, (3) the flag for species i (which is zero for a monatomic species, 
1 for a diatomic species, or  2 for a triatomic species), (4) the flag to call a debug sub- 
routine, (5) the molecular weight of species i, (6) the standard heat of formation of 
1 mole of species i at 0 K, in ergs/mol, and (7) the symmetry number for species i. 
The cards immediately following the first  card for a given species contain the degeneracy 
of the energy level followed by the energy of the electronic level of the species in cm-l,  1 \ for all  electronic levels considered. For diatomic o r  triatomic species, an additional 
I 
card for each electronic level considered is included which contains for the given level I 
(8) the rotational spectroscopic constant, (9) the vibrational-rotational spectroscopic con- 
stant, (10: the vibrztional spectroscopic constant, (1 1) the anharmonic vibrational spectro- 
ricopic constant, a~ld  (12) the maximum vibrational quantum number. (These last five 
parameters a r e  used to compute partition functions for ti-.,? species.) In the listing, the 
location of the decimal point in noninteger numbers is before the first  digit (i.e., 
22 14240044 means 22 14.24). As an example, the listing for CO is broken down a s  
follow s: 
Degeneracy and energy of Degeneracy and energy of Dogeneracy of 
f i rs t  level second level third level 
f h 
' \ -  I nnrj17r.nr1+7 1 nrlCcPrrr.+-r r,?nnl-Onn+- 1 @ R ~ ~ ~ c ) P - + o G  qnnr)nn,.fiLpl 
\ Cl+,R?qW+Oc n n ' +  1 6 ] 7 ~ ~ 6 n ? + n r ,  ?nnfinnqn+q 1 64706C.r.h+nc. 3-rnnrn''+3 1 83831 C ' . ? + n 5  1 " C ? n C ~ r + n l  ~ 6 9 1 7 8 p 0 + ~ 5  
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